We demonstrate experimentally and explain theoretically polarization-preserving imaging through a lossy amplitude-distorting medium. This is accomplished by propagating the beam, before its arrival at the lossy distorting medium, through a (multi) mode-and polarization-scrambling fiber and reflecting the signal, after it has passed the lossy distorting medium, from a photorefractive phase-conjugate mirror.
Most of the distortion-correction schemes that are based on phase-conjugate optics involve phase-distorting media. 1 This is because true phase conjugation does not obtain in cases involving inhomogeneous losses since part of the spatial information is lost and is not available for a reconstruction. In this Letter we describe a method of recovering an original image, including its polarization state, that has propagated through a lossy distorter by using modal dispersal in a multimode fiber and a photorefractive phase-conjugate mirror. 2 -5 In this method, before its incidence upon the lossy distorting medium the image-bearing beam is intentionally mode dispersed by propagating through a (multi) mode-and polarization-scrambling fiber so that the field exiting the fiber has the original pictorial and polarization information spread among a large number of modes; this robustness enables it, within certain limits, to reconstruct the original field including the polarization. Note that the image transmission through a multimode fiber (which acts as a modal phase distorter) by phase conjugation was originally suggested by Yariv 6 , 7 and demonstrated by others. 8 -1 0 In the present study, however, we use the multimode fiber as a way to achieve mode and polarization scrambling of the input information. First we shall consider the method theoretically, followed by a description of the experimental demonstration.
The method is illustrated in Fig. 1 . The spatialand polarization-information-bearing field E(1) is launched into a mode-dispersing medium (e.g., a multimode fiber in our experiment), where the input field initially excites a portion of the total number of modes 2N in the mode-dispersing medium. These are redistributed, because of a strong mode coupling, among the total x-polarized modes N and the total y-polarized modes N during propagation. Adopting the same mathematical notations introduced in Refs. 3 and 4, the field E(2) exiting the mode-dispersing medium is expressed by E(2) = ME(1)
and
MY1
where M is a scattering matrix of rank 2N for traveling forward along the mode-dispersing medium. If a phase-conjugate mirror (PCM), as usual, reflects only one transverse component, say, the x-polarized component of the incident field, then only the x-polarized component E(3) following the distorting medium is phase conjugated, so that E(4) = [E(3)] *. The lefttraveling field E(5) reentering the mode-dispersing medium from the right can consequently be written as (3) and 0
0,
where r is the phase-conjugate reflectivity of the PCM and C accounts for the modal loss and mixing of the incoming field by the distorting medium. In the present analysis C has the form of Eq. (4), where Cx, is an N X N submatrix that accounts for the elimination of the y-polarized field and the modal loss and mixing of the x-polarized field in the distorting medium. The form of C also implies that the loss does not scramble the polarizations. In particular, we have (Cxx)ij = b when only a polarizer (oriented to the x direction) acts as the distorting medium. 3 -5 The left-traveling field E(6) exiting the input plane is given by
where M' denotes a scattering matrix for traveling backward along the mode-dispersing medium. From
Eqs. (2) and (4) we obtain
M E Fig. 1 . A method to undo the lossy distortion effect by means of the tandem combination of the mode-dispersing (2) medium (M) and the PCM. The lossy distortion due to the distorting medium (C) occurs between the M and the PCM.
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In the case of a large number of nonvanishing elements (C~x)ij and because of the near equipartition of any modal energy and the modal averaging among the ensemble of modes through the strong mode coupling in the mode-dispersing medium, 3 -5 each element in Eq.
(6) can be approximated by
We therefore get
where V is a 2N rank vector whose elements depend on the elements of EMl) and Cxx as well as N. We note that the first term on the right-hand side of Eq. (7) corresponds to the true phase-conjugate replica of the field EMl) including polarization. The second term V corresponds to (depolarized) noise, and it can be shown both theoretically and experimentally that in the absence of the lossy distorter [i.e., (Cxx)ij = 6iJ the total power of the noise is nearly the same as that of the true phase-conjugate beam and is distributed over all the fiber modes. However, this noise contribution can be negligible in the limit of small-numerical-aperture inputs. 4 ' 5 In the present case it is seen from Eq. (7) that the true phase conjugation is possible, within the above limits, even when a large number of modes are lost by the distorting medium as long as the near equipartition of modal energy in the mode-dispersing medium is satisfied so that the input information is distributed equally among all the modes.
In the experiment shown in Fig. 2 , a knife edge was used as the simulated amplitude distorter (or medium) in order to eliminate some portions of the input information. In Fig. 2(a) used to image the fiber end through a polarizer P oriented to the x direction. A poled BaTiO 3 crystal was used as a self-pumped PCM, and its phase-conjugate reflectivity was 35% for the incident power of 3 mW on the crystal. The reflected beam E(4) from the input end of the fiber is picked off by a nonpolarizing beam splitter BS and forms the reconstructed image on the screen S. The analyzer A was used to partly eliminate the noise contribution. In Fig. 2(b) F was placed in the far-field plane of the fiber end for a comparison of the results with those of the former configuration. In this case the out-coupled beam E(2) was quasi-collimated (about 3 mm in diameter) by L2, and some portions of the quasi-collimated beam were eliminated by F.
First we measured the Stokes parameters (SO, Si, S2, s 3 ) of the fields El, E(2), and E(4) so that the degree of polarizations P = (Si2 + S22 + s 3 2 )"/ 2 so and the degree of polarization recovery p = sl/so could be calculated. 4 The x-polarized (P, p > 0.99) uniform beam was used as the input field EMl) together with the configuration shown in Fig. 2(a) . Because of the strong mode coupling in the fiber the field E(2) exhibited speckled spatial structures and nearly complete depolarization (P, p < 0.09). Figure 3 shows P and p of the field E(4) at S in the absence of A as a function of various transmission losses due to F. It is seen that P and p are almost equal for all losses and both decrease as the loss increases, which shows that the original polarization recovery deteriorated gradually because of the relative increase of the depolarized noise as the loss increases. This may indicate that the equipartition of the input
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L2 F L3 P c axis Transmission loss (%) Fig. 3 . The degree of polarization P and the degree of polarization recovery p of the field E( 4 ) at S as a function of the transmission loss due to F for the linearly x-polarized input beam. we see the apparent degradation of the spatial structure of the phase-conjugate image shown in Fig. 4(f) .
This may also be attributed, as mentioned above, to the incomplete equipartition of the input information among all the modes in the fiber. Therefore above a certain limit of the loss by F [the case of Fig. 4(f) ] the reconstructed image bears less information than the original image, resulting in the apparent degradation. This effect may be analogous to the case of image reconstruction in holography with a diffused signal," when the resolution in the reconstructed image decreases as the fragment of hologram becomes smaller. In our case the degradation depends strongly on the modal-scrambling nature of the fiber. We could also obtain the same results with the configuration shown in Fig. 2(b) . This fact indicates that, although the mode scrambling of the input information in the fiber used is not complete, the input information is redistributed among a sufficiently large number of modes (viz., spatial frequencies) of the out-coupled field from the fiber, and therefore the present scheme is almost insensitive to the position of the distorter between the fiber and the PCM.12
In conclusion, we have demonstrated polarizationpreserving imaging through a lossy amplitude distortion using modal dispersal and phase conjugation. Our experiments have confirmed that the polarization and spatial information of the input is distributed among a large number of fiber modes through the strong mode coupling in a fiber and can be reconstructed following phase conjugation in spite of spatially lossy distortions as well as the elimination of one polarization component. It has also been found that the present scheme is insensitive to the position of the distorter.
